1. Introduction {#sec1}
===============

Expanded poly(tetrafluoroethylene) (ePTFE) is a fully fluorinated linear thermoplastic polymer which has found wide-spread use in biomaterials application due to its properties of high toughness, non-adhesiveness and hydrophobicity. While it performs ideally for many applications, some challenges have been identified for its use as a tissue space-filler for cosmetic reconstructions where the implant interfaces with bone [@bib1]. For this applications modification of the surface of ePTFE has been investigated as a means to enhance its performance as the surface is the site at which cells interact with the material and specific modifications can potentially modulate cellular responses. As detailed in our recent review paper [@bib1], many approaches have been taken to modify the surface of ePTFE with the aim of improving the bone-implant interface. These include deposition of coatings consisting of the bone mineral hydroxyapatite (HAP) [@bib2], [@bib3], long pulse, high frequency oxygen PIII treatment [@bib4], [@bib5], adsorption of DOPA-containing peptides [@bib6], and radiation-induced grafting of acrylic acid (AA) [@bib7], monoacryloxyethyl phosphate (MAEP) [@bib7] and 2-(methacryloyloxy) ethyl phosphate (MOEP) in various solvent systems [@bib8], [@bib9].

Simulated body fluid (SBF) has been widely used to test calcium phosphate mineralisation *in vitro*, and is an accepted method used to predict the performance of a material *in vivo* [@bib10], [@bib11]. Specifically, formation of HAP on a material in SBF has been interpreted as an indication of the bone-bonding ability of this material *in vivo* with some studies showing a clear correlation [@bib12], [@bib13], [@bib14]. SBF contains inorganic ions at concentrations that are similar to that of human blood plasma [@bib10] and as such contains calcium and phosphate ions that are supersaturated with respect to HAP. In addition to the conventional SBF, a concentrated form of SBF is frequently used in order to accelerate apatite formation on the material surface. This concentrated 1.5 × SBF contains ions at concentrations 1.5 times that of SBF, thus increasing the degree of supersaturation while maintaining the ratio of Ca to P. The introduction of negatively charged functional groups onto ePTFE is one strategy which has been shown to result in mineral formation in SBF. Previous SBF studies evaluating *in vitro* mineralisation of ePTFE modified with carboxylate and phosphate-containing graft copolymers have identified a variety of different mineral phases in addition to HAP. These include Brushite (CaHPO~4~.2H~2~O) or Monetite (CaHPO~4~) [@bib7]; non-stoichiometric HAP [@bib8] as well as unknown calcium phosphate phases [@bib8], [@bib9]. While EDX in combination with SEM can give some indication of which mineral phase forms, FTIR has been shown to be an important complementary technique [@bib7], [@bib8], [@bib9].

*In vitro* mineralisation in SBF of functional materials containing ionic groups such as carboxylate and phosphate proceeds through initial calcium ion chelation by these ionic groups and interacting with HPO~4~^2-^ ions from the SBF solution [@bib11]. The continuous diffusion of calcium and phosphate ions from the SBF solution to the substrate further induce the growth of minerals. A range of polymeric substrates including hydrogels have been modified with phosphate or carboxylic acid groups to either enhance or reduce mineralisation depending on the application. However, many contradictory outcomes for the calcification of synthetic polymers has been reported as summarised in reviews by Chirila and Zainuddin [@bib15] and Kepa et al. [@bib11], thus continued studies of *in vitro* mineralisation are warranted. Furthermore, as summarised by Kepa et al. [@bib11] and Wentrup-Byrne et al. [@bib16], *in vitro* mineralisation studies of a series of phosphate-containing polymers have demonstrated that the graft topology influence the mineral phase formed on the surface. Linear brushes favoured HAP mineralisation while highly cross-linked copolymers resulted in mixed phases and/or sparse mineralisation.

The current study evaluates the *in vitro* mineralisation of a series of ePTFE membranes functionalised with carboxylic acid groups. The ePTFE membranes differ with regards to the graft density, the density of carboxylate groups as well as with regards to polymer topology. Characterisation of the mineral formed on these membranes in 1.5 × SBF includes SEM/EDX, FTIR and XPS analysis.

2. Experimental {#sec2}
===============

2.1. Materials {#sec2.1}
--------------

The expanded poly(tetrafluoroethylene) (ePTFE) membrane was obtained from Pall Corporation under the trade name of Zefluor™ 1.0 μm, where the 1.0 μm refers to the pore size in the membrane. This membrane has a thickness of 0.01 mm. Grafted membranes were prepared as previously published. Samples AA(0.3)-R and AA(1.3)-R were prepared by gamma irradiation grafting of acrylic acid (AA) at a dose of 10 kGy and monomer concentrations of either 0.3 or 1.3 M with the addition of Mohr\'s salt [@bib17], [@bib18]. Sample AA/IA(3)-R was prepared by gamma irradiation induced grafting at a dose of 10 kGy of a monomer mixture of AA (70%) and itaconic acid (IA) with a total monomer concentration of 3.0 M with the addition of Mohr\'s salt [@bib18]. Sample AA-P was prepared by argon plasma-induced grafting exposing the membrane to the plasma generated at 100 W for 150 s and subsequently reacting with a 2.6 M solution of AA for 3 h [@bib19]. HAP and tricalcium phosphate (TCP) were from Merck. The chemicals used for preparation of simulated body fluid (SBF and 1.5 × SBF) were: NaCl (99%), NaHCO~3~ (99.7%), K~2~HPO~4~.3H~2~O (≥99%) and Na~2~SO~4~ (99%) were from Ajax Finechem, KCl (≥99.5%) was from Merck, MgCl~2~.6H~2~O (98%) was from Sigma Aldrich, Tris(hydroxymethyl)aminomethane (99.8%) was from Spectrum Chemical MFG Corp. and CaCl~2~ (93%) was from Chem-Supply. MilliQ water was used throughout.

2.2. Methods {#sec2.2}
------------

The mineralisation of calcium phosphate on ePTFE and grafted ePTFE membranes was studied using SBF and 1.5 × SBF which were prepared according to Kokubo and Takadama [@bib10]. In brief, 700 mL of MilliQ water was heated to 36.5 ± 1.5 °C inside a plastic beaker. The reagents were dissolved sequentially and MilliQ water added until a total volume of 900 mL. The pH of the solution was adjusted to 7.4 and made up to 1 L. ePTFE and modified ePTFE (dimension of 10 mm × 15 mm) were immersed at 37 °C in 10 mL of SBF or 1.5 × SBF inside a falcon tube for two or four weeks. The solution was changed every week and the pH was measured, with no change in pH observed. At the end of the study, the samples were removed from the falcon tubes and washed thoroughly with MilliQ water and dried in a desiccator for three days or until a constant weight was achieved.

2.3. Characterisation {#sec2.3}
---------------------

*Attenuated total reflectance infrared (ATR-FTIR) spectroscopy.* ATR-FTIR spectra were recorded at ambient temperature using a Perkin Elmer FTIR Spectrum 2000 equipped with a ZnSe crystal (refractive index 2.4381). For standard spectra 8 scans, 4 cm^−1^ resolution and a wave number range of 550--4000 cm^−1^ was used while for the high resolution spectra 64 scans, 1 cm^−1^ resolution and a wave number range of 1650--1800 cm^−1^ was used.

*X-ray photoelectron spectroscopy (XPS*). XPS was performed on a Kratos Axis Ultra X-ray photoelectron spectrometer using a monochromated Al Kα source (1486.6 eV photon energy) at 15 kV and 10 mA (150 W) with a vacuum system giving a base pressure of ∼10^−6^ Pa. Survey scans were carried out at 1200--0 eV with 1.0 eV steps at a pass energy of 160 eV. The binding energy of the samples was corrected based on the value for the C---F peak of 292.1 eV [@bib20]. CasaXPS software was used to calculate the atomic concentrations.

*Scanning electron microscopy with energy dispersive X-ray analysis (SEM/EDX).* SEM analysis was performed using a JEOL 6610 microscope. All samples were coated with platinum for 5 min until a 15 nm thick layer had formed in order to make the material conductive. SEM analysis was performed under the standard high vacuum mode and the voltage was kept at 5--10 kV throughout the analysis. The morphology of each sample was imaged with a variety of magnifications. EDX analysis was performed at a working distance of 10 mm and 10 kV was used throughout. All elements analysed were normalised to the factory calibration provided by Oxford Instruments Aztec/INCA software and an Oxford Instruments X-Max 50 mm^2^ detector system. C, O, F, Na, Mg, P, and Ca were calibrated based on CaCO~3~, SiO~2~, MgF~2~, albite, MgO, GaP and wollastonite.

3. Results and discussion {#sec3}
=========================

The samples selected for the current study all contained carboxylic acid groups from grafting of functional monomers to ePTFE membranes [@bib17], [@bib18], [@bib19]. In addition, the untreated ePTFE membrane served as a control sample. The chemical compositions of these samples are given in [Table 1](#tbl1){ref-type="table"}. For the samples prepared by gamma irradiation induced grafting the graft yield (mass increase after grafting) and graft extent (graft copolymer C 1s peaks in XPS relative to all C 1s peaks) correlates with the monomer concentration used; ie. both follow the order AA(0.3)-R \< AA(1.3)-R \< AA/IA(3)-R. For the sample modified by argon plasma induced grafting (sample AA-P), the graft yield is minimal as this technique modifies only the outer surface and only the side exposed to the plasma [@bib19]. The graft extent, however, is high and similar to that of the AA/IA(3)-R sample. The relative amount of carboxylic acid groups introduced (indicated by the COO/F ratio obtained from XPS) is significantly higher for the AA/IA(3)-R sample than the AA-P sample despite the similar graft extent. This can be attributed to the use of the monomer itaconic acid which carries two carboxylic acid groups per monomer. The polymer topology of the graft copolymer is different in the four samples. Based on solution polymerisation studies [@bib18] it was concluded that the PAA graft copolymer on sample AA(0.3)-R as well as the P(AA-co-IA) graft copolymer on sample AA/IA(3)-R are likely branched while the PAA graft copolymer on sample AA(1.3)-R is a network structure (hydrogel). For sample AA-P a linear or weakly branched PAA graft copolymer is expected because hydrogen abstraction from the PAA chain is less likely when using a pre-irradiation method. SEM images of the grafted samples are displayed in [Fig. 1](#fig1){ref-type="fig"}. In all cases a globular morphology is evident. In some samples the underlying ePTFE substrate can be seen and this is most pronounced for sample AA(0.3)-R ([Fig. 1](#fig1){ref-type="fig"}(a)).Fig. 1SEM images of samples (a) AA(0.3)-R; (b) AA(1.3)-R; (c) AA-P; (d) AA/IA(3)-R. Magnification × 3000.Fig. 1Table 1Composition of membrane samples used in the current study.Table 1SampleGraft copolymerGraft yield[a](#tbl1fna){ref-type="table-fn"} (%)Graft extent[b](#tbl1fnb){ref-type="table-fn"}^,^[c](#tbl1fnc){ref-type="table-fn"} (%)COO/F[c](#tbl1fnc){ref-type="table-fn"}ePTFEnone0**-**--AA(0.3)-R[d](#tbl1fnd){ref-type="table-fn"}PAA18 ± 431 ± 10.16AA(1.3)-R[d](#tbl1fnd){ref-type="table-fn"}PAA35 ± 148 ± 30.31AA/IA(3)-R[d](#tbl1fnd){ref-type="table-fn"}P(AA-co-IA)48 ± 284 ± 81.23AA-P[e](#tbl1fne){ref-type="table-fn"}PAA3 ± 186 ± 21.03[^2][^3][^4][^5][^6]

Initial studies evaluated changes to the morphology and elemental composition of ePTFE and the grafted AA(0.3)-R and AA(1.3)-R samples after being immersed in SBF. Similar to that reported previously [@bib7], [@bib8] the ePTFE membrane did not induce apatite growth in SBF during immersion for up to four weeks when evaluated using SEM/EDX. The morphology of the grafted samples of the current study was likewise found to be unchanged after immersion in SBF for up to four weeks with no mineral nodules visible under SEM (data not shown). An EDX analysis of the grafted samples ([Table 2](#tbl2){ref-type="table"}) detected the presence of inorganic ions of Ca, Mg, Na, and P in very low amounts (\<1%) with the dominant elements being fluorine, carbon and oxygen. This result indicates that limited mineralisation had occurred on these AA-grafted membranes and that the rate of mineral formation was low. Therefore, the concentrated SBF (1.5 × SBF) was used to accelerate the formation of mineral in this study. Immersion of the AA(0.3)-R and AA(1.3)-R samples for two weeks in 1.5 × SBF, however, led to similar low levels of Ca, Mg, Na and P ([Table 2](#tbl2){ref-type="table"}). It should be noted, that the Ca/P ratio after immersion for two weeks was \>3 ([Table 2](#tbl2){ref-type="table"}) indicating that at this time point these materials act as ion exchange material as noted for similar materials previously [@bib7]. Immersion of the samples for four weeks in 1.5 × SBF led to an appreciable amount of mineralisation with Ca and P concentrations of 5--12% ([Table 2](#tbl2){ref-type="table"}) indicating that mineralisation on these samples show an induction period of at least two weeks. It should be noted that the immersion time was not the same for samples AA-P and AA/IA(3)-R which were immersed for only two weeks as a similar induction period was not seen for these samples.Table 2Atomic concentrations obtained by EDX of samples immersed in SBF and 1.5 × SBF for various times.Table 2SampleSolutionTime in SBF (weeks)C (%)F (%)O (%)Ca (%)P (%)Mg (%)Na (%)AA(0.3)-RSBF419.739.939.90.280.090.050.05AA(1.3)-RSBF420.635.342.80.730.270.140.17AA(0.3)-R1.5 × SBF240.353.15.30.810.260.170.02AA(1.3)-R1.5 × SBF237.755.75.40.770.230.130.18AA(0.3)-R1.5 × SBF425.82.050.411.88.80.670.52AA(1.3)-R1.5 × SBF444.41.740.57.05.20.490.67

The mass increase observed after immersion in 1.5 × SBF is given in [Table 3](#tbl3){ref-type="table"}. Samples AA(0.3)-R and AA(1.3)-R had been immersed in SBF for four weeks, yet they showed significantly lower mass increases than the other samples which had been immersed for two weeks. Sample AA/IA(3)-R shows a significantly higher mass increase than AA-P, however, considering that the plasma process leads to surface modification on only one side of the membrane, the mass uptake for the two samples is considered comparable relative to the modified surface area. It can thus be seen that the mass uptake correlates well with the graft extent (listed in [Table 1](#tbl1){ref-type="table"}) and not with the graft yield. This indicates that the dominant factor is the surface area modified by grafted chains.Table 3Characterisation of membrane samples after immersion in 1.5 × SBF.Table 3SampleTime in SBF (weeks)Mass uptake (%)EDXXPSCa/P ratio[a](#tbl3fna){ref-type="table-fn"}(Ca + Mg + Na)/P ratioCa/P ratio[a](#tbl3fna){ref-type="table-fn"} (±10%)ePTFE40------AA(0.3)-R4201.33 ± 0.031.48 ± 0.041.49AA(1.3)-R4211.34 ± 0.071.52 ± 0.06n.dAA/IA(3)-R2921.32 ± 0.041.45 ± 0.061.42AA-P2511.36 ± 0.111.49 ± 0.09n.d.[^7]

SEM images of samples AA(0.3)-R (with the graft extent of 31% and COOH/F of 0.16) and AA(1.3)-R (with the graft extent of 48% and COOH/F of 0.31) after immersion for four weeks in 1.5 × SBF are shown in [Fig. 2](#fig2){ref-type="fig"}(a--d). The presence of globular mineral nodules with various sizes ranging from 1 to 10 μm is evident. The distributions of mineral across these surfaces were shown to be heterogeneous, with some areas densely occupied with the mineral nodules whereas other areas showed no mineral present. In addition, some of the mineral was observed to grow from the initial mineral layer which indicates that the first mineral that formed on the grafted ePTFE surfaces provided nucleation sites for a secondary mineral growth. This is clearly observed in [Fig. 2](#fig2){ref-type="fig"}(d). Furthermore, some of the mineral nodules were observed to aggregate forming long continuous mineral aggregates presumably due to the same effect ([Fig. 2](#fig2){ref-type="fig"}(c)). The fact that mineral grows preferentially on top of mineral nodules already present rather on the membrane could be due to the higher degree of epitaxial matching of the mineral phase compared to the organic matrix. However, it could also indicate that the underlying graft copolymer is patchy (correlating with the relatively low graft extent observed in these samples) and that mineral formed exclusively on areas where the graft copolymer is exposed at the surface. This has previously been observed by micro-FTIR mapping of MAEP-grafted membranes [@bib7], [@bib21]. SEM images of the two samples which displayed high graft extent, samples AA/IA(3.0)-R (graft extent of 84% and COO/F = 1.23) and AA-P (graft extent of 86% and a COOH/F of 1.03) after immersion for two weeks in 1.5 × SBF are displayed in [Fig. 2](#fig2){ref-type="fig"}(e--h). Both of these samples displayed formation of a mineral coating with a homogeneous distribution across the surface ([Fig. 2](#fig2){ref-type="fig"}(e,g)). The size of the globular mineral nodules on these samples is less than 5 μm and typically approximately 2 μm in diameter. The smaller size of the mineral nodules on these samples compared to the AA(0.3)-R and AA(1.3)-R samples could, in part, be due to the different time of immersion in SBF with larger nodules forming with longer immersion time as previously found for a polymer sample immersed for various periods of time in SBF [@bib22]. However, considering a two-week induction period for the AA(0.3)-R and AA(1.3)-R samples it is likely that indeed different minerals have formed. It is clear from our data that a high surface coverage is required for a homogeneous coat of mineral to form on the surface. Previous studies on AA-grafted polymers and PAA-containing materials have likewise found that the graft density affects the mineralisation outcome. For AA-grafted polyethylene (PE) the amount of Ca and P uptake by the material was found to increase with increasing graft density for lower graft density materials [@bib12] while for higher graft density samples the amount of apatite formed went through a maximum at a graft density of 30 μg/cm^2^ [@bib23]. For a series of AA-grafted ePTFE samples with graft extents of 0.43--0.49 only those samples with graft yields of 15% or above gave observable mineral growth in SBF [@bib7]. This correlates with the current study where both the low graft extent samples (AA(0.3)-R and AA(1.3)-R) had graft yields larger than 15% (see [Table 1](#tbl1){ref-type="table"}). In a separate study on gelatin-PAA complex matrices a correlation was found between the amount of mineral growth and the PAA content up to a PAA content of 73 mg/g gelatin after which a constant amount of HAP formed [@bib24].Fig. 2SEM images of grafted samples after immersion in 1.5 × SBF: (a) and (b) sample AA(0.3)-R after 4 weeks; (c) and (d) sample AA(1.3)-R after 4 weeks; (e) and (f) sample AA-P after 2 weeks; (g) and (h) sample AA/IA(3)-R after 2 weeks.Fig. 2

High magnification images of the mineral nodules formed on two representative samples are shown in [Fig. 3](#fig3){ref-type="fig"}. [Fig. 3](#fig3){ref-type="fig"}(a) display the mineral nodule formed on the AA(0.3)-R sample which is representative of the two low graft extent samples. The mineral structure is composed of needle-like nanocrystals forming a large globular mineral that is relatively smooth. [Fig. 3](#fig3){ref-type="fig"}(b) display the structure of the AA/IA(3)-R sample which is representative of the high graft extent samples. In this sample the mineral structure is composed of needle-like nanocrystals forming a porous cauliflower structure with an average diameter of 2 μm which is much rougher than that formed on the low graft extent samples. In previous studies, a crystal morphology similar to that observed for the high graft extent samples has been observed on bioactive glass and glass-ceramics [@bib25], and in these studies, XRD was able to confirmed this mineral to be HAP. It is possible that the difference in morphology of the mineral nodules on the two sample types is due to different minerals formed on the surfaces, however, it is not possible based on this data alone to evaluate the type of mineral that has formed and chemical analysis was therefore carried out.Fig. 3High magnification SEM image of (a) sample AA(0.3)-R after 28 days in 1.5 × SBF and (b) sample AA/IA(3)-R after 14 days 1.5 × SBF. Magnification × 10,000.Fig. 3

The minerals formed on the grafted ePTFE samples were analysed using EDX spectroscopy and in addition, a selection of the samples were analysed using XPS as a complementary technique to get elemental information. After immersion in 1.5 × SBF for the prescribed time, all samples displayed high intensity peaks of calcium and phosphorous in the EDX spectra which indicate that the minerals formed were mainly comprised of calcium phosphates (details for samples AA(0.3)-R and AA(1.3)-R are shown in [Table 2](#tbl2){ref-type="table"}). In addition, carbon and oxygen, as well as minor peaks of sodium and magnesium were detected in the EDX spectra. [Table 3](#tbl3){ref-type="table"} lists the elemental Ca/P ratios obtained from the EDX analysis. In addition, the elemental (Ca + Mg + Na)/P ratios are included since sodium and magnesium containing carbonated apatite, commonly known as dahllite, is the mineral phase of bone [@bib26] and the presence of these ions thus correlates with the chemical composition of biological HAP [@bib26], [@bib27]. Furthermore, the mineral phase grown in SBF has previously been found to incorporate OH^−^, CO~3~^2-^, Na^+^, and Mg^2+^ ions which are present in the fluid [@bib28], [@bib29]. XPS analysis of two of the samples displayed peaks at binding energies of 344 and 130 eV, corresponding to Ca 2p and P 2p; the Ca/P ratio obtained are included in [Table 3](#tbl3){ref-type="table"}. It was observed that the F 1s peak could no longer be detected for the AA/IA(3.0)-R sample which indicates that a thick (more than 10 nm) mineral layer covered the membrane. In order to assess the atomic ratios obtained from EDX and XPS, two control samples were run: HAP with the chemical formula of Ca~10~(PO~4~)~6~(OH)~2~ and a theoretical Ca/P ratio of 1.67 as well as TCP with the chemical formula Ca~3~(PO~4~)~2~ and a theoretical Ca/P ratio of 1.50. It was found that these control samples displayed significantly lower Ca/P rations than the theoretical values, 1.54 for HAP and 1.29 for TCP when evaluated by EDX and 1.49 for HAP and 1.28 for TCP when evaluated by XPS. For the EDX measurement the difference in the Ca/P ratios could have resulted from the different surface roughness possessed [@bib30] by the multi component standard (on which the instrument was calibrated), which is a polished and flat surface, and the samples analysed which possessed rough surfaces. For the XPS measurement it is likely that the effect is due to the shallow analysis depth of this technique. As can be seen from the data in [Table 3](#tbl3){ref-type="table"}, the Ca/P ratios found by EDX for each of the grafted samples were significantly lower than the value measured for HAP. However, the (Ca + Mg + Na)/P ratio of the grafted samples was found to be in the range of 1.45--1.52 which is similar to the HAP standard (Ca/P = 1.54). Considering that Mg^2+^ and Na^+^ can substitute for the Ca^2+^ sites in the HAP lattice [@bib27], [@bib28], this finding indicates that the mineral formed in SBF is apatite-like. The samples analysed by XPS yielded a Ca/P ratio of 1.42 or 1.49, which was similar to the HAP standard determined by XPS (Ca/P = 1.49) further supporting that the mineral is similar to hydroxyapatite.

The FTIR spectrum of the untreated ePTFE membrane (data previously published [@bib17], [@bib18], [@bib19]) displayed the characteristic strong CF~2~ asymmetrical stretching and CF~2~ symmetrical stretching bands at 1207 and 1152 cm^−1^, respectively. Minor bands at 636 and 553 cm^−1^ were observed and are assigned to the CF~2~ wagging and CF~2~ deformation modes, respectively. The FTIR spectra of samples AA(0.3)-R, AA(1.3)-R and AA/IA(3.0)-R (data previously published [@bib18]) displayed a carbonyl stretching band from the carboxylic acid group at 1716 cm^−1^. This carbonyl stretching band of the samples were indistinguishable as can be seen in the high resolution scans of the carbonyl region of samples AA(1.3)-R and AA/IA(3.0)-R in [Fig. 4](#fig4){ref-type="fig"}. This indicates that both substrates have similar extent of hydrogen-bonding involving the carboxylic acid groups. In addition, the grafted membranes displayed a C---H stretching vibration band at 2850-2970 cm^−1^, and a C---H bending vibration at 1340-1470 cm^−1^ [@bib17], [@bib18]. Sample AA-P, however, did not show any evidence of the graft copolymer in the ATR-FTIR spectrum in agreement with the low graft yield and surface-confined grafting.Fig. 4ATR-FTIR spectra of the 1650--1800 cm^−1^ region for samples (a) AA(1.3)-R and (b) AA/IA(3.0)-R.Fig. 4

[Fig. 5](#fig5){ref-type="fig"} shows the FTIR spectra of the samples after immersion in 1.5 × SBF; samples AA(0.3)-R and AA(1.3)-R after four weeks; samples AA/IA(3.0)-R and AA-P after two weeks. The band assigned to the carbonyl stretch of the carboxylic acid group in the grafted AA(0.3)-R and AA(1.3)-R samples has disappeared after immersion in 1.5 × SBF and instead, a band arising from the carbonyl stretch of carboxylate groups at 1560 cm^−1^ can be observed ([Fig. 5](#fig5){ref-type="fig"}(a and b)). The shift of this band is evidence that the carboxylate grafted ePTFE membrane behaves as an ion exchange material by substituting carboxylic acid protons with calcium ions and indicates that the carboxylate groups are able to chelate Ca^2+^ ions and thereby provide a nucleation site for calcium phosphate mineral formation. A similar observation has been reported previously [@bib7]. The CF~2~ bands at 1207 and 1152 cm^−1^ for sample AA-P were observed to decrease dramatically ([Fig. 5](#fig5){ref-type="fig"}(c)) and these bands are no longer visible in the spectrum for sample AA/IA(3.0)-R which indicates that a thick mineral coat is present on these samples in agreement with the XPS data. In all grafted samples new bands were observed after immersion in 1.5 × SBF. For samples AA/IA(3.0)-R and AA-P a strong band at 1025 and 1018 cm^−1^, respectively, is evident in [Fig. 5](#fig5){ref-type="fig"}(c and d) and this is assigned to the *v*~3~ phosphate vibration mode of HAP [@bib31], [@bib32]. These two samples also display a distinct band at 964 cm^−1^ which can be assigned to the *v*~1~ phosphate vibration mode of HAP [@bib31], [@bib32]. Sample AA(0.3)-R display a band at 1018 cm^−1^ ([Fig. 5](#fig5){ref-type="fig"}(a)) whereas sample AA(1.3)-R display a very broad band in this region ([Fig. 5](#fig5){ref-type="fig"}(b)). A similar broad band has previously been observed after *in vitro* mineralisation of a PAA hydrogel [@bib33] and on certain MOEP grafted ePTFE membranes [@bib8]. Such a broad band has been attributed to formation of a mixture of calcium-phosphate mineral phases rather than a single phase. Considering the different topologies of the carboxylate-containing materials it can be seen that on samples with linear or branched topology (AA-P, AA(0.3)-R, AA/IA(3)-R) the mineral HAP can be identified, while on the samples with a crosslinked topology (AA(1.3)-R and PAA) a mixture of calcium-phosphate phases form. A similar finding has previously been made for ePTFE samples modified with phosphate-containing graft copolymers [@bib11], [@bib21]. The reason for this effect of polymer topology could be due to many factors. For the samples AA(0.3)-R, AA(1.3)-R and AA/IA(3)-R we have previously shown that the water uptake is similar (630--790% relative to the graft copolymer [@bib18]) and it is therefore unlikely that the degree of chain hydration plays a significant role. It is possible that the restricted mobility of the anionic chains in crosslinked hydrogels somewhat inhibits growth of hydroxyapatite. It is interesting to notice in this regard, that incorporation of carboxylate groups in PHEMA hydrogels indeed can have an inhibitory effect on mineralisation [@bib15].Fig. 5FTIR spectra for grafted samples immersed in 1.5 × SBF (a) AA(0.3)-R for 4 weeks; (b) AA(1.3)-R for 4 weeks; (b) AA-P for 2 weeks; and (d) AA/IA(3.0)-R for 2 weeks.Fig. 5

For all samples additional bands are apparent at 1414 and 1457 cm^−1^ as well as at 875 cm^−1^ which correspond to the carbonate vibrational modes that are observed in carbonate substituted HAP [@bib31], [@bib32]. It should be noted that although these bands overlap with the C---H bending vibration at 1340-1470 cm^−1^ for the grafted membranes, the bands in this region in the samples after SBF immersion are much more pronounced than before immersion and thus attributed to carbonate vibrational modes. Based on the spectral features in samples AA/IA(3.0)-R and AA-P after immersion in SBF it can be concluded that HAP with low levels of carbonate substitution has formed. Previous studies have found similar spectral features of carbonated HAP after SBF immersion of ePTFE samples grafted with MOEP in methanol [@bib8], in the aqueous phase of a two-phase system [@bib9] as well as on a branched PMOEP film [@bib34]. This finding also correlates with the FTIR spectrum obtained for the mineral formed in SBF on an arachidic acid Langmuir monolayer [@bib35] and the precipitate formed in SBF when pH is kept constant during precipitation [@bib36]. The intensity of the carbonate bands relative to the phosphate band is much higher for samples AA(0.3)-R and AA(1.3)-R and the carbonate band at 875 cm^−1^ is less pronounced in these samples compared to the two high graft extent samples. This indicates that in the AA(0.3)-R and AA(1.3)-R samples CaCO~3~ may also be present as the carbonate bands for CaCO~3~ minerals occur in the 1410-1490 cm^−1^ region [@bib37]. However, due to overlap with bands from carbonated HAP and the carboxylate group from the graft copolymer it is not possible to assign the bands to a single calcium carbonate phase. Incorporation of CaCO~3~ as a minor component has been proposed previously for low graft extent AA-grafted ePTFE [@bib7] while a study on AA-grafted PE observed no carbonate bands in the FTIR [@bib12]. When comparing the mineralisation outcome for all the samples of the current study, it appears that the different crystal morphology of the mineral nodules on the low versus high graft extent samples ([Fig. 3](#fig3){ref-type="fig"}) correspond to different mineral phases. Considering these findings it can be concluded that not only does the graft density affect the homogeneity of the mineral coat but also its chemical composition. Tretinnikov et al. likewise found that the polymer graft density of AA-grafted PE affected the Ca/P ratio of the mineral formed in SBF although in their study higher graft density samples displayed larger Ca/P ratios [@bib12]. Collectively, this illustrates the complexity of the processes that occur in SBF and that it is not possible to predict mineralisation outcomes of materials with functional carboxylic acid groups.

4. Conclusion {#sec4}
=============

This study has made two important observations in regards to the mineralisation outcome when immersing carboxylic acid-modified ePTFE in 1.5 × SBF. Firstly, the graft extent of the graft copolymer appears to affect not only the mineral distribution but also the mineral phase that form. High graft extent samples yield uniform mineral coverage where the structure of the mineral nodules formed was similar to the morphology of apatite that is formed on bioactive glass and glass-ceramics. In addition, on these samples it was found from FTIR that the mineral was predominantly carbonate substituted HAP. Low graft extent samples, however, yielded heterogeneous coverage of mineral deposit and the morphology was distinctly different. On these samples it appeared that co-precipitation of calcium phosphate and calcium carbonate occurred. Secondly, the topology of the graft copolymer influenced the type of calcium phosphate mineral that formed. On samples where linear or branched graft copolymer was present, FTIR indicated the presence of carbonated hydroxyapatite while on the sample with crosslinked polymer topology a mixture of calcium-phosphate phases formed. This study thus demonstrates that *in vitro* mineralisation outcomes for carboxylate-containing graft copolymers are complex. The findings of this study have implications for the design of bioactive coatings for materials that interface with bone tissue.
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[^1]: Current address: School of Applied Physics, Faculty of Science & Technology, Universiti Kebangsaan Malaysia, UKM Bangi, Selangor, 43600, Malaysia.

[^2]: Graft yield: (m~f~ -- m~i~)/m~i~ × 100%.

[^3]: Graft extent: ((C~all~ -- C~F~)/C~all~) × 100%.

[^4]: Obtained from XPS.

[^5]: Data from reference 18.

[^6]: Data from reference 19.

[^7]: Hydroxyapatite standard yielded a Ca/P ratio of 1.54 ± 0.10 by EDX and 1.49 by XPS (theoretical value of 1.67); Tri-calcium phosphate standard yielded a Ca/P ratio of 1.29 ± 0.20 by EDX and 1.28 by XPS (theoretical value of 1.50). n.d. = not determined.
